Various crystals are used for the dispersive components of X-ray spectrometers. The crystals are usually bent to meet the desired measurement needs, such as focusing. The bending can change the crystal diffraction properties, thus altering the spectrometer throughput and resolving power. This work concerns measuring the diffraction properties of a potassium acid phthalate (001) [KAP(001)] crystal bent into a circular cylinder segment. The measurement methods using a diode source and a synchrotron source are described. The multi-lamellar model for calculating the diffraction properties of a bent crystal is described. The measurement results are compared to the multi-lamellar model and show qualitative agreement. The measurements show how to make the multi-lamellar calculations a useful estimate. A method is given to make useful estimates of the diffraction properties of a KAP(001) crystal bent into a circular cylinder segment.
INTRODUCTION
X-ray spectrometers are powerful tools to help analyze the processes occurring in a high energy density plasma. They are used on many facilities including the National Ignition Facility (NIF) at the Lawrence Livermore National Laboratory, the Z-machine at the Sandia National Laboratory, and the Omega facility at the University of Rochester. Above 500 eV X-ray spectral energy, a crystal is the common dispersive element. According to the Bragg Law, constructive interference occurs when: nλ=2d*sinΘ, where n is an integer, λ is the X-ray wavelength, d is the spacing between crystal planes, and Θ is referred to as the Bragg angle. The reflected beam has a finite angular width, W, and a finite area R I (Integrated Reflectivity). These terms are dependent upon the X-ray spectral energy. A typical diffraction curve is shown in Fig. 1 . The diffraction curve is often called the Rocking Curve (RC) since it is measured by rocking the crystal in the X-ray beam. When used as the spectrometer dispersion element, the maximum spectrometer throughput is given by R I and the maximum resolving power is inversely proportional to W. Bent crystals are often used in spectrometers for several reasons, such as to allow a greater energy range or to provide imaging. Bending the crystal can change the spectral energy dependent diffraction properties of the crystal; it increases the area under the Rocking Curve (Integrated Reflectivity, R I ) 1, 2 , and it increases the Rocking Curve (RC) width. At any spectral energy, the spectrometer throughput is proportional to R I and the spectrometer resolving power is inversely proportional to W, the RC width.
There is class of crystals, the alkali acid phthalates, that are commonly used in X-ray spectrometers. They are identified by the symbol XAP, where X can be K, Rb, or Cs. They are used with the (001) Miller indices and, almost always, are used in a bent form, usually a circular cylinder segment. These crystals have similar diffraction properties, differing mainly in that the spectral range upper limit is determined by the K absorption edge of the alkali element. We have determined how the KAP(001) crystal diffraction properties, bent into a circular cylinder segment, change as a function of spectral energy and radius of curvature. This was accomplished with combination of measurements and a mathematical model done using: a dual goniometer diode X-ray source; a synchrotron X-ray beam line, and a mathematical model referred to as the multi-lamellar model. Figure 1 . The graph shows a typical reflectivity curve calculated using the dynamical diffraction theory. The XOP software 3 was used to produce this curve.
METHOD OF MEASURING AND MODELING

2.1.
Diode source, dual goniometer rocking curve measurement system
The R I values for several KAP(001) crystals were measured on the NSTec dual goniometer source, shown in Fig. 2 . The first goniometer holds a monochromator that is used to isolate a particular spectral line from the diode type X-ray source. A flat KAP(001) crystal was used as the monochromator. Usually one chooses a monochromator crystal that has higher resolving power than the sample, but for these low energies, KAP is the only practical crystal. The sample goniometer holds the bent KAP(001) sample crystal. The first step in the RC measurement is to isolate the desired spectral line off the monochromator. The sample is then moved into place so that the spot to be measured is over the rotation axis of the sample goniometer. Then a rocking curve is generated. Figure 2 . This diagram shows the dual goniometer X-ray source that is used to generate rocking curves for the bent crystal. The rotating stage plate moves the sample goniometer to the proper angle for the selected monochromator and spectral energy. The sample goniometer rotates the bent crystal to produce the rocking curve. The detector rotates around the sample goniometer axis and is moved to measure the beam off the monochromator when the sample is moved out of the beam or moved to measure the reflection off the sample. relative angle, microrad Figure 3 . This graph shows a typical rocking curve. The sample was a bent crystal that has a 2 inch radius of curvature. The curves were chosen to help smooth the data and estimate the RC parameters.
A typical RC is shown in Fig. 3 . The best fit to the data, usually the pseudo Voigt curve, is used to estimate R I . This area under the reflectivity curve is often checked by using Simpson's rule. The measurement of R I is independent of beam divergence, namely the slit opening for the Henke apparatus. We measure at several slit openings in order to verify correct beam alignment and get an estimate of random errors. The RC width (W) is strongly dependent on beam divergence and will be discussed in the next section.
2.2.
Limitations to RC width measurement on the dual goniometer system
The R I measurement on the NSTec dual goniometer system is relatively independent of instrument operating parameters 4 . X-ray beam alignment is critical; beam divergence is not critical. Measurement of the RC width is strongly affected by the instrument parameters. The significant factors are:
• X-ray beam energy content from the monochromator, caused by:
o Beam divergence at the monochromator; o Monochromator RC width; o Beam diffraction at the slit.
• X-ray beam footprint on the bent crystal;
o Beam divergence at the monochromator; o Beam diffraction at the slit.
• X-ray beam not aligned with crystal rotation axis at point of contact with crystal.
The beam divergence for the dual goniometer system is determined by the slit aperture and the slit separation. Diffraction effects occur as the slit aperture nears 10 μm.
For the bent KAP(001) crystal over the energy range of interest, the second factor dominates the first factor. Factor 3 can always dominate if the alignment is not carefully maintained. The sketch in Fig. 4 illustrates Factor 2. The X-ray beam has a width that is determined by the slit aperture and the distance to the sample crystal. The beam spreads over a finite arc of the KAP(001) crystal. That arc includes an angle ΔΨ that can be calculated from the geometric arrangement. The contribution to the RC measurement from ΔΨ overwhelms the RC width of the sample crystal. The slit aperture must be reduced below 5 µm in order to make the factor 2 effect near the expected value of the KAP(001) RC width. At that aperture, diffraction at the slits becomes significant and the RC width is still not measurable. The option of putting a pinhole in the beam near the sample was not practical because the X-ray flux is too low. Thus it is not possible to measure the KAP(001) RC width using the NSTec dual goniometer system, as presently designed. These measurements can, however, be done on a synchrotron X-ray beam line where the X-ray flux is much higher.
Detector Sample Crystal
Pinhole Figure 4 . This is a schematic diagram showing the footprint of the X-ray beam where it strikes the convex KAP(001) crystal. The intercepted angle, ΔΨ, will be incorporated into the RC width measurement.
Synchrotron Rocking Curve measurement system
A synchrotron X-ray beam is produced by an electron beam that is forced into a nonlinear trajectory. The electron deflection produces broad band radiation that is collimated using mirrors and converted into a narrow energy band. The LBNL ALS beam line that was used produces an X-ray beam between 2.2-5.2 keV using dual Si(111) crystals.
The arrangement of the measurement components is shown in Fig. 5 . Pre-alignment of the crystal and the pinholes was done offline using a laser. The X-ray beam was subsequently aligned to the pinholes and a spot on the back of the chamber, previously determined by the alignment laser. A pinhole was used to minimize the footprint shown in Fig. 5 . Component size and diffraction effects constrained the pinhole minimum size to 5μm. Measurements required correction for the contribution of ΔΨ. 
2.4.
Multi-lamellar Model
The multi-lamellar model that was used for the bent crystal diffraction calculations is designed for a circularly bent cylindrical crystal. It is compared to our measurements in the sections that follow. The model considers the crystal as layers that are several crystal planes thick. The X-ray beam striking the crystal is considered to be collimated and small. Each layer is treated as a perfect crystal and is referred to as a lamella. The mechanical distortions between lamellae caused by the bending produce an enlargement of the rocking curve, as shown in Fig. 7 . A software package for the multi-lamellar model is available from the X-ray Oriented Programs (XOP) 3 . The software performs computations of the diffraction properties of cylindrically bent crystals for the Bragg or Laue geometry. The input parameters are: crystal type; miller indices; temperature factor; X-ray energy; polarization; asymmetry angle; 
MEASUREMENT RESULTS
Rocking Curve Integrated Reflectivity, R I
The R I values measured on the NSTec dual goniometer for the bent KAP (001) • The measurement values of R I and the calculated values using the multi-lamellar model are in good agreement.
• Below 1.5 keV, RI for the curved KAP(001) crystal matches that of the flat crystal.
•
The bent KAP(001) crystal is severely distorted above 3.3 keV and thus not useful as the dispersion component for a spectrometer above that energy.
Measurements of R I made at other radii of curvature followed the same trend as the multi-lamellar model, but they did not agree quantitatively. As the curvature was reduced, the quantitative difference increased. This is shown in Table 2 for the comparable values at 3.0 keV and several different curvatures. The measurements in Table 2 were selected at 3.0 keV because the bent crystal model and the measurements show the largest deviation from the flat R I , as seen in Fig. 8 . The measurements in Table 2 can be used to predict the value for R I at any energy and curvature. We define the difference fraction, f R , for the integrated reflectivity as follows:
Where R M is the integrated reflectivity calculated from the multi-lamellar model, R F is the integrated reflectivity for the flat crystal, and they are functions of the X-ray photon energy. Values for R F can be obtained from Henke tables 5 , XOh, or XOP software. The difference fraction will be constant at all energies for the given curvature. The estimated value for this fraction is given in Table 3 . The value for flat KAP(001) at 3 keV is R I =67μrad. Table 3 . The difference fraction, calculated using Eq. 1 and the values in Table 2 , is shown here for several curvatures of a KAP(001) crystal bent into a circular cylinder segment. These values of f R were determined using the measured values at 3.9 keV, but are valid at any spectral energy. 
MEASUREMENT RESULTS
Our main conclusion is that the RC can be predicted when a KAP(001) crystal is bent into a circular form from a 2 inch radius of curvature to flat. quantified. The RC width measurements of the 2 inch KAP(001) crystal that were made at the synchrotron showed that the RC width follows the same quantified relation to the model as did the R I . These observations allow us to make the following generalizations for the KAP(001) crystal .
• For X-rays having a spectral energy below 1500 eV, bending the perfect KAP(001) crystal into a circular cylinder form does not change the Rocking Curve. The values for R I and the RC width are the same as for the flat KAP (001) crystal.
• For the spectral energies above 1500 eV, bending the KAP(001) crystal increases R I and the RC width. The measurements of R I show the magnitude of the change and the multi-lamellar model shows us how to interpolate.
The synchrotron measurement of the 2 inch crystal RC width shows us that the RC width follows the same pattern as the R I . We can predict the values of R I and the RC width for any curvature between 2 inches and flat through 5 keV. The estimated uncertainty for these estimates is 20%. Refinements of the multi-lamellar model and measurements would reduce that uncertainty.
FURTHER WORK
There will be an effort to improve the predictive accuracy of the multi-lamellar model for the bent KAP(001) crystal. The KAP(001) width measurements should be extended. We have begun an effort to measure and model the bent PET(002) crystal.
